INTRODUCTION
The spindle assembly checkpoint (SAC) ensures accurate chromosome segregation by delaying the onset of anaphase until all sister chromatids are properly bioriented on the mitotic spindle (Musacchio and Salmon, 2007) . The SAC is a signaling system that senses defects in sister chromatid attachments at the kinetochore and blocks anaphase by inhibiting a ubiquitin ligase called the anaphase-promoting complex or cyclosome (APC/ C) (Barford, 2011) .
The APC/C, together with its activator subunit Cdc20, normally initiates anaphase by targeting securin and mitotic cyclins for ubiquitination, leading to their destruction by the proteasome. Securin destruction unleashes separase, which cleaves cohesin to initiate sister chromatid separation; cyclin destruction inactivates cyclin-dependent kinases, allowing dephosphorylation of their substrates and thus the completion of mitosis. In late mitosis, Cdc20 is replaced by a related activator subunit called Cdh1, which maintains APC/C activity in G1.
Cdc20 and Cdh1 are substrate adaptor subunits that recruit substrates to the APC/C core for ubiquitination (Barford, 2011) . These substrates generally contain ''Destruction box'' (D box) or ''KEN box'' sequence motifs that bind a WD40 domain in the activator. Cdc20 and Cdh1 also contain multiple binding motifs, including an N-terminal ''C box'' motif and a C-terminal Isoleucine-Arginine ''IR'' motif, which mediate a very high-affinity interaction with the APC/C (see Figure S1A online).
Cdc20 levels decrease rapidly in late mitosis during a normal cell cycle, and various lines of evidence suggest that this decrease is due to a combination of two mechanisms. First, Cdc20 turnover in late mitosis and G1 is mediated in part by the alternate activator Cdh1, which interacts with a D box at the N terminus of Cdc20 and thereby targets Cdc20 for ubiquitination (Prinz et al., 1998) . However, Cdc20 levels decrease in late mitosis even when the Cdc20 D box is mutated or when Cdh1 is deleted (Foe et al., 2011; Robbins and Cross, 2011) . Mutation of the IR motif of Cdc20 leads to stabilization of the protein in yeast cells (Thornton et al., 2006) , and recent studies indicate that Cdc20 autoubiquitinates at significant rates while bound as an activator (Foe et al., 2011) . Cdc20 autoubiquitination is also likely an important mechanism for promoting rapid Cdc20 turnover during a SAC arrest (Ge et al., 2009; Mansfeld et al., 2011; Nilsson et al., 2008; Pan and Chen, 2004; Varetti et al., 2011) .
The key components of the SAC include the proteins Mad1, Mad2, Mad3 (BubR1 in vertebrates), and Bub3 (Musacchio and Salmon, 2007) . The SAC signal is initiated by formation of a stable Mad1-Mad2 complex at unattached kinetochores (Kulukian et al., 2009; Shah et al., 2004) . Mad2 within this complex interacts with soluble Mad2 molecules, thereby catalyzing the formation of a complex between soluble Mad2 and Cdc20 (De Antoni et al., 2005; Hewitt et al., 2010; Maldonado and Kapoor, 2011; Simonetta et al., 2009) . Cdc20 also interacts with Mad3 and its tightly bound partner Bub3 (Hardwick et al., 2000) . The interdependencies of these binding events are not well understood, but the final output is an inhibitory complex known as the mitotic checkpoint complex (MCC), which contains Cdc20, Mad2, Mad3/BubR1, and Bub3 (Sudakin et al., 2001) .
The mechanism of APC/C inhibition by these proteins remains unclear. While Mad2 and Mad3-Bub3 can each inhibit APC/C activity in vitro, together these proteins are much more potent inhibitors (Fang, 2002; Fang et al., 1998; Kulukian et al., 2009; Tang et al., 2001) . Early evidence suggested that the MCC sequesters Cdc20, preventing its binding to the APC/C. However, in subsequent work all proteins of the MCC were found to associate with the APC/C and block its activity, probably by inhibiting substrate binding (Braunstein et al., 2007; Chao et al., 2012; Herzog et al., 2009) . The contribution of different MCC components is unclear, although Mad3/BubR1 acts in part as a pseudosubstrate inhibitor of Cdc20 (Burton and Solomon, 2007; Chao et al., 2012; Lara-Gonzalez et al., 2011; Malureanu et al., 2009) .
APC/C inhibition during a SAC arrest might also depend on Cdc20 autoubiquitination. In budding yeast, the instability of Cdc20 during a SAC arrest requires Mad2 and Mad3 (King et al., 2007; Pan and Chen, 2004) . Cdc20 is also degraded rapidly in human cells during a SAC arrest, and stabilization of Cdc20 (by mutation of all lysines in the protein) causes cells to bypass the arrest (Ge et al., 2009; Nilsson et al., 2008) . These studies led to the suggestion that destruction of Cdc20 is required for inhibition of APC/C function during a SAC arrest, perhaps because it reduces Cdc20 levels below some threshold required for APC/C activation.
On the other hand, evidence from studies in human mitotic extracts led to speculation that Cdc20 ubiquitination promotes disassembly of the MCC and thus checkpoint inactivation (Reddy et al., 2007; Stegmeier et al., 2007) . Consistent with this idea, numerous recent studies in human cells and cell lysates suggest that MCC disassembly and checkpoint inactivation depend on APC/C-dependent ubiquitination, ATP hydrolysis, and proteasomal function (Braunstein et al., 2007; Garnett et al., 2009; Jia et al., 2011; Ma and Poon, 2011; MiniowitzShemtov et al., 2010; Teichner et al., 2011; Varetti et al., 2011; Visconti et al., 2010; Williamson et al., 2009; Zeng et al., 2010) . In vertebrates, MCC disassembly is also promoted by the Mad2-binding protein p31 comet (Fava et al., 2011; Habu et al., 2002; Hagan et al., 2011; Jia et al., 2011; Mapelli et al., 2006; Reddy et al., 2007; Teichner et al., 2011; Varetti et al., 2011; Westhorpe et al., 2011; Xia et al., 2004; Yang et al., 2007) . Recent studies also suggest that the human APC/C subunit, Apc15, is required for efficient MCC turnover on the APC/C (Mansfeld et al., 2011) . However, the biochemical mechanisms underlying MCC disassembly remain poorly understood, and the contributions of Cdc20 autoubiquitination to APC/C function in the SAC are not clear.
Here we explored the mechanism and function of Cdc20 ubiquitination in the SAC of budding yeast. Studies with purified proteins revealed that Mad2 and Mad3-Bub3 synergize to effectively inhibit securin ubiquitination while at the same time promoting Cdc20 autoubiquitination. This activity required the APC/C subunit Mnd2/Apc15. To test the role of Cdc20 ubiquitination in SAC function, we analyzed mutants that reduce Cdc20 ubiquitination. Using a Cdc20 mutant that is poorly ubiquitinated throughout the cell cycle, we found that Cdc20 turnover is required for establishment of a SAC arrest. On the other hand, specific inhibition of MCC-dependent Cdc20 autoubiquitination, achieved by deletion of Mnd2, allowed a checkpoint arrest but delayed release from the arrest. Our results argue that Cdc20 ubiquitination has multiple functions: it suppresses Cdc20 levels to allow establishment of the SAC arrest and is also required for efficient release from the arrest.
RESULTS

Mad2 and Mad3 Have Opposing Effects on Autoubiquitination
Cdc20 is a highly unstable protein throughout the cell cycle. We showed previously that Cdc20 turnover in a normal cell cycle depends primarily on APC/C-dependent ubiquitination that is distinct from that of a canonical substrate (Foe et al., 2011) . We dissected Cdc20 ubiquitination by reconstituting the reaction with purified proteins. By incubating radiolabeled Cdc20 with purified APC/C and other ubiquitination components, we found that Cdc20 is rapidly ubiquitinated while bound in its activator position on the APC/C. Autoubiquitination was not greatly affected by mutation of the D box or by addition of unlabeled Cdc20, but was inhibited by mutation of the IR or C box sequence motifs ( Figure S1B , bottom panel) (Foe et al., 2011) . We also performed Cdh1-mediated Cdc20 ubiquitination reactions in parallel, and the resulting Cdc20 ubiquitination depended only on its D box ( Figure S1B , middle panel). For clarity and ease of quantitation, we prevented polyubiquitin chain formation on Cdc20 by using methylated ubiquitin and the E2 Ubc4, which is a poor catalyst of polyubiquitin assembly ( Figure S1C ) (Rodrigo-Brenni and Morgan, 2007) .
Cdc20 is turned over rapidly during a SAC arrest, and there is evidence that this turnover depends on Cdc20 autoubiquitination (Nilsson et al., 2008; Pan and Chen, 2004) . Consistent with these results, we found that Cdc20 instability during a checkpoint arrest requires a functional APC/C and proteasome activity ( Figure S2A ) but is independent of the APC/C activator Cdh1 ( Figure S2B ) (Pan and Chen, 2004) . In addition, checkpoint components are required for Cdc20 turnover ( Figure S2C ) (King et al., 2007; Pan and Chen, 2004) .
To explore the mechanisms underlying Cdc20 autoubiquitination in a SAC arrest, we used purified components to test the effects of checkpoint proteins on Cdc20 function and autoubiquitination. We first analyzed the role of Mad2 using recombinant protein purified from E. coli ( Figure S3 ). As expected from previous studies, purified Mad2 inhibited Cdc20 activity toward securin ( Figure 1A) . Surprisingly, Mad2 had the same inhibitory effect on Cdc20 autoubiquitination (IC 50 for both reactions was $0.5 mM).
Unlike Mad2, Mad3 expressed in E. coli was largely insoluble (Larsen et al., 2007) . However, coexpression of Mad3 with Bub3 yielded a well-behaved complex ( Figure S3 ). We found that this complex inhibited Cdc20-dependent securin ubiquitination (IC 50 $1 mM) but had little effect on autoubiquitination except at very high concentrations ( Figure 1B) .
To better characterize the Mad3-Bub3 effect on autoubiquitination, we used a sensitized Cdc20 mutant carrying a C-terminal IR motif mutation (Cdc20-IR) that reduces the affinity of Cdc20 for the APC/C and thereby reduces autoubiquitination (Figure S1B, bottom panel) . The low level of Cdc20-IR autoubiquitination was stimulated by the Mad3-Bub3 complex ( Figure 1C ). Autoubiquitination was inhibited at the highest concentrations of Mad3-Bub3.
Checkpoint Proteins Regulate Cdc20 Binding to the APC/C The results in Figure 1 led us to hypothesize that the checkpoint proteins act, at least in part, by controlling the binding of Cdc20 to the APC/C. To test this possibility, we developed a quantitative Cdc20-APC/C binding assay, similar to a Cdh1-APC/C binding assay we described previously (Matyskiela and Morgan, 2009) . In this assay, yeast APC/C is immunopurified on magnetic beads and incubated with radiolabeled Cdc20 prepared by translation in vitro, followed by washing to remove unbound Cdc20.
First, we tested the effect of Mad2 by preincubating Cdc20 with increasing concentrations of Mad2 or a Mad2 C-terminal deletion mutant (Mad2-CD) that is known to be defective in binding Cdc20 (Luo et al., 2000) . Mad2 reduced Cdc20 binding to the APC/C, while Mad2-CD had no effect ( Figure 2A ). These results are likely to explain the ability of Mad2 to inhibit both securin ubiquitination and Cdc20 autoubiquitination (see Figure 1A ). Our observation that Mad3-Bub3 stimulated autoubiquitination (Figures 1B and 1C) suggested that Mad3 might promote the association of Cdc20 with the APC/C. Indeed, addition of 1 mM Mad3-Bub3 induced a small ($2-fold) but reproducible stimulation of binding (Figure 2B) . This small effect is perhaps not surprising, because the affinity of Cdc20 for the APC/C is likely to be very high. To sensitize this assay, we used the Cdc20-IR mutation to reduce Cdc20 affinity for the APC/C. Mad3-Bub3 dramatically stimulated Cdc20-IR binding to the APC/C ( Figure 2B ), consistent with its ability to promote autoubiquitination of this mutant ( Figure 1C) .
In previous work, we showed that APC/C substrates stimulate the association of Cdh1 with the APC/C through a bivalent interaction between the activator and the APC/C core (Matyskiela and Morgan, 2009 ). This stimulation requires the core subunit Doc1/Apc10, which may interact directly with substrate (Buschhorn et al., 2011; Carroll and Morgan, 2002; da Fonseca et al., 2011; Passmore et al., 2003) . Mutation of four residues within Doc1 (Doc1-4A) inhibits substrate binding and blocks the ability of substrate to stimulate Cdh1 binding to the APC/C Matyskiela and Morgan, 2009 ). Similar stimulation and Doc1 dependence were observed for Cdc20 binding to the APC/C using a fragment of securin ( Figure 2C , left panel) (Matyskiela and Morgan, 2009) . To determine if Mad3-Bub3 promotes activator binding by a similar mechanism, we tested whether Doc1 was required for the stimulation of Cdc20 binding by Mad3-Bub3. Mad3-Bub3 had the same effect on Cdc20-IR binding to Doc1 and Doc1-4A APC/C ( Figure 2C , right panel), suggesting that Mad3-Bub3 associates with the APC/C-Cdc20 complex through contacts not involving the substrate-binding site on Doc1.
Mad2 and Mad3-Bub3 Synergize to Inhibit Securin Ubiquitination and Promote Cdc20 Autoubiquitination Mad2 and BubR1 (Mad3) are known to be poor inhibitors of vertebrate APC/C activity when tested individually, but inhibit at lower concentrations when added together (Fang, 2002) . We tested this synergy using combinations of 0.5 mM Mad2 and increasing concentrations of the Mad3-Bub3 complex. The presence of Mad2 dramatically increased the potency of the Mad3-Bub3 complex, shifting the IC 50 from $1 mM to 6 nM ( Figures 3A  and 3C ).
Next we tested the combined effects of Mad2 and Mad3-Bub3 on Cdc20 autoubiquitination. Since we observed opposite effects of Mad2 and Mad3-Bub3 when they were tested individually (Figure 1 ), we were particularly interested in the possibility that Mad3-Bub3 might reverse the effect of Mad2. We used 5 mM Mad2, a concentration at which we observed clear inhibition of binding and autoubiquitination ( Figure 1A and Figure 2A ). Strikingly, we found that Mad3-Bub3 reversed the inhibitory effect of Mad2 on Cdc20 autoubiquitination, and the dose response curve was the mirror image of the securin inhibition curve ( Figures 3B and 3C ): the IC 50 of securin inhibition was similar to the EC 50 for autoubiquitination (6 and 12 nM, respectively). We thus reconstituted the two major effects of the SAC-inhibition of securin ubiquitination and stimulation of Cdc20 autoubiquitination-at low concentrations of Mad3-Bub3. While Mad2 concentrations were higher, we suspect that the specific activity of our purified Mad2 preparations is low, and Mad2 is likely to be more active in vivo due to stimulation by the kinetochore-associated Mad1-Mad2 complex (De Antoni et al., 2005) .
MCC-Dependent Cdc20 Autoubiquitination Depends on the Mnd2 Subunit of the APC/C Recent studies in human cells suggest that Cdc20-MCC turnover during a SAC arrest depends on the nonessential APC/C subunit Apc15 (Mansfeld et al., 2011) , but the effects of this subunit on Cdc20 autoubiquitination are not clear. The budding yeast homolog of Apc15 was suggested to be Mnd2 (Mansfeld et al., 2011) . Mnd2 is known to be required for meiotic progression (Oelschlaegel et al., 2005; Penkner et al., 2005; Rabitsch et al., 2001) but is thought to have little, if any, effect in mitosis (Hall et al., 2003) . To explore the roles of Mnd2 in yeast APC/C function and the SAC, we purified APC/C from an mnd2D strain. As previously shown, deletion of Mnd2 did not significantly affect the subunit composition of purified APC/C (Hall et al., 2003; Oelschlaegel et al., 2005) . Also consistent with previous results, Mnd2D APC/C was similar to wild-type APC/C in its ability to target securin for ubiquitination in vitro, using Cdc20 as activator ( Figure 4A ) (Oelschlaegel et al., 2005) . Mnd2D APC/C also displayed wild-type activity with the activator Cdh1 and with the E2 Ubc1 (J. Girard, personal communication) (Oelschlaegel et al., 2005) . Importantly, we found that Mnd2D APC/C also catalyzed Cdc20 autoubiquitination at wild-type rates in the absence of checkpoint components ( Figure 4B ).
We also analyzed Cdc20 autoubiquitination in the presence of checkpoint proteins. We observed a striking defect in Cdc20 autoubiquitination with Mnd2D APC/C ( Figure 4C ), suggesting that the Mnd2 subunit is required for Cdc20 autoubiquitination in the context of the MCC, but not in its absence.
We next tested if the defect in Cdc20 autoubiquitination was due to a defect in Cdc20 binding to the APC/C in the context of the checkpoint proteins. Loss of the Mnd2 subunit had no detectable effect on the ability of Mad3-Bub3 to stimulate Cdc20 binding to the APC/C (Figure 4D ), suggesting that MCC binding does not depend on Mnd2. Thus, reduced MCC-dependent Cdc20 autoubiquitination in the absence of Mnd2 does not result from poor Cdc20 binding but might instead result from a defect in the positioning of Cdc20 for autoubiquitination.
Stabilized Cdc20 Allows Bypass of the Spindle Assembly Checkpoint
We next sought to explore the role of Cdc20 ubiquitination in vivo by creating mutations that prevent Cdc20 ubiquitination without affecting its activator function or interaction with checkpoint proteins. First, we generated a CDC20 mutant encoding a protein with all 39 lysines mutated to arginines (cdc20-0K mutant) (Figure S4A) . Surprisingly, we found that this mutant rescued CDC20 function nearly as well as the wild-type gene at 25 C, implying that ubiquitination of Cdc20 is dispensable for viability ( Figure S4B ). However, the cdc20-0K mutant was temperature sensitive and inviable at 37 C. Consistent with this sensitivity, we found that the Cdc20-0K protein was significantly less active toward securin in vitro ( Figure 5A ).
We hypothesized that specific lysines might be required for Cdc20 activity but not for ubiquitination. To identify these lysines, we carried out the analyses shown in Figures S4C  and S4D . First, we generated three Cdc20 mutants, each with the lysines in one region (either N-terminal [N] , middle [M] , or C-terminal [C]) mutated to arginines (with the other regions remaining wild-type) ( Figure S4A ). Mutation of the 19 C-terminal lysines (Cdc20-C mutant), but not mutation of lysines elsewhere in the protein, resulted in loss of activity toward securin in vitro ( Figure S4C , left panel), suggesting that Cdc20 activity depends on lysines in the C-terminal region.
To identify specific C-terminal lysines required for activity, we analyzed Cdc20 proteins with single lysine-to-arginine mutations. Mutations at four lysines (K320, K431, K516, K550) each reduced Cdc20 activity toward securin over 2-fold ( Figure S4D ). The K514R mutant also had a significant defect that became more pronounced when combined with the K516R mutation. These five residues fall within the predicted WD40 domain, and we suspect that these mutations affect the stability of this domain. To determine whether these five mutations caused the loss of function of the Cdc20-0K mutant, we generated a Cdc20-5K mutant in which these lysines were added back to the Cdc20-0K mutant. The Cdc20-5K protein exhibited near wild-type activity toward securin and other APC/C Cdc20 substrates ( Figure 5A , Figure S4E ), and the CDC20-5K mutant supported normal viability at all temperatures ( Figure S4B) . (C) The data from (A) and (B) were analyzed using Prism, and the zero concentration was plotted on a log scale as 0.01 nM.
We also analyzed ubiquitination of the Cdc20-N, M, and C mutants ( Figure S4C , middle and right panels). Mutation of the 12 lysines in the N-terminal region (Cdc20-N mutant) resulted in significant loss of autoubiquitination, while only partially removing sites targeted by Cdh1. Autoubiquitination of human Cdc20 has also been mapped primarily to N-terminal lysines (Zeng and King, 2012) . Autoubiquitination was also reduced in the Cdc20-C mutant, perhaps as a result of its general loss of stability ( Figure S4C ). Analysis of C-terminal lysine point mutants revealed that one mutation (K374R) reduced autoubiquitination despite having no apparent effect on activity (data not shown). Mutation of K374 reduced autoubiquitination in the Cdc20-N mutant, but two ubiquitination sites remained ( Figure S4F ).
Most importantly, we found that the Cdc20-5K protein was not detectably modified by either autoubiquitination or Cdh1-dependent ubiquitination in vitro ( Figure 5B ), indicating that this mutant lacks all major ubiquitination sites while retaining function as an APC/C activator ( Figure 5A , Figures S4B and S4E) .
We constructed a strain in which the endogenous CDC20 was replaced with the CDC20-5K mutant. CDC20 and CDC20-5K strains were released from a G1 arrest into a single cell cycle. The Cdc20-5K protein was significantly stabilized, resulting in dampened oscillations with a peak mitotic level greater than that of the wild-type protein ( Figure 5C ). Oscillations in Cdc20-5K protein levels might be due to a low rate of ubiquitination in vivo on one or more of the five remaining lysines, which was not detectable in our ubiquitination studies in vitro. In addition, CDC20 transcription is known to peak in mitosis (Prinz et al., 1998) . Despite the stabilization of the Cdc20-5K mutant protein, CDC20-5K cells progressed at wild-type rates through the cell cycle, undergoing DNA replication and mitosis at normal times (data not shown). Oscillations in securin levels appeared identical in the CDC20 and CDC20-5K strains ( Figure 5C ). Cdc20 ubiquitination and rapid turnover are therefore not required for normal cell-cycle progression.
We next tested the spindle checkpoint function of the CDC20-5K mutant by measuring sensitivity to the spindle poison benomyl. The CDC20-5K mutant showed a clear benomyl sensitivity that was similar to that of mad3D cells but not as severe as that in the mad2D mutant ( Figure S5 ).
We also arrested CDC20, CDC20-5K, mad2D, or mad3D strains in G1 and released the cells into high benomyl concentrations. In wild-type cells, the checkpoint arrest was accompanied by high levels of Cdc20 and securin ( Figure 5D ). However, the CDC20-5K, mad2D, and mad3D strains all failed to establish the SAC arrest, leading to destruction of securin with relatively normal timing ( Figure 5D ; mad3D data not shown). As in the normal cell cycle ( Figure 5C ), the Cdc20-5K protein was present at high levels in benomyl-treated mitotic cells. Consistent with this observation, Cdc20-5K was significantly stabilized in cells in which benomyl was added to cells arrested in metaphase by overexpression of a stabilized securin mutant ( Figure 5E ).
Studies with purified components revealed that the Cdc20-5K protein displayed wild-type sensitivity to Mad2 ( Figure 5F ).
Mad3-Bub3 was also an effective inhibitor of securin ubiquitination by the mutant Cdc20-5K protein ( Figure 5G) . Thus, the checkpoint defect in CDC20-5K cells is not caused by a defect in the interaction of Cdc20-5K with checkpoint proteins. Instead, our results suggest that the stabilization of Cdc20 results in a defective spindle checkpoint, although they do not allow us to conclude whether this defect is in the establishment or maintenance of the checkpoint. (C) Asynchronous log-phase cultures of strains carrying CDC20 or CDC20-5K at the endogenous locus were arrested in G1 with 1 mg/ml a-factor (aF) for 3 hr. a factor was washed out and cells were harvested at the indicated times. a factor was readded when a majority of the cells had budded. Samples were analyzed by western blotting with anti-Cdc20, anti-Myc (securin), and anti-Cdk1 (as a loading control). Similar results were observed by flow cytometry analysis of DNA content (data not shown).
(D) Asynchronous log-phase cultures of CDC20, CDC20-5K, or mad2D cells were arrested with a factor and released into media containing 60 mg/ml benomyl. Cells were harvested at the indicated times, and a factor was readded when a majority of the cells had budded. Samples were analyzed by western blotting. (E) CDC20 or CDC20-5K strains, carrying a nondestructible securin mutant, PDS1-Ddb, under the control of the GAL promoter, were arrested in benomyl in galactose-containing media to induce a metaphase arrest. Cycloheximide (CHX) (100 mg/ml) was added, and samples were analyzed by western blotting. 
Mnd2 Is Required for Efficient Checkpoint Release
To further characterize the role of Cdc20 ubiquitination in SAC signaling, we sought a mutant that was specifically defective in Cdc20 ubiquitination during a checkpoint arrest, which would allow us to determine the importance of ubiquitination in maintenance of the arrest. The mnd2D strain seemed an ideal candidate for such a mutant, as our studies in Figure 4 had shown that Mnd2D APC/C is defective in Cdc20 autoubiquitination in the presence of checkpoint proteins, but not in their absence. Consistent with our evidence that removal of Mnd2 has no effect on APC/C activity in vitro ( Figures 4A and 4B) , we found that mnd2D cells released from G1 display no significant defects in progression through an unperturbed mitosis, with securin destruction occurring with normal timing ( Figure 6A ). Peak mitotic levels of Cdc20 were slightly elevated in mnd2D cells, suggesting that the nonessential SAC of budding yeast may be controlling Cdc20 levels in mitosis even in unperturbed cells. Importantly, the drop in Cdc20 levels after securin destruction was similar to that in wild-type cells, suggesting that Cdc20 turnover outside of the checkpoint was unaffected.
Interestingly, mnd2D cells displayed a normal SAC arrest when released from G1 into high benomyl concentrations (A) Asynchronous log-phase cultures of MND2 or mnd2D cells were arrested in G1 with a factor. a factor was washed out and cells were harvested at the indicated times. a factor was readded when a majority of the cells had budded. Samples were analyzed by western blotting. Similar results were obtained by flow cytometry analysis of DNA content (data not shown). (B) Asynchronous log-phase cultures of MND2, mnd2D, or CDC20-5K cells were arrested with a factor and released into media containing 60 mg/ml benomyl. Cells were harvested at the indicated times, and a factor was readded when a majority of the cells had budded. Samples were analyzed by western blotting. (C) MND2 or mnd2D strains were arrested in benomyl before addition of cycloheximide. Samples were analyzed by western blotting. (D) Asynchronous log-phase cultures of MND2 or mnd2D cells were arrested with a factor and released into media containing 60 mg/ml benomyl. Cells were released from benomyl into a factor and harvested at the indicated times. Samples were analyzed by western blotting. (E) Cells from an experiment like that in (D) were analyzed for separation of DNA masses by DAPI staining. Two hundred cells were counted per time point. A similar delay was obtained by counting the percent of large budded cells and by flow cytometry analysis of DNA content (data not shown).
( Figure 6B ). In agreement with our studies showing that Mnd2 promotes SAC-dependent Cdc20 ubiquitination ( Figure 4C ), Cdc20 was stabilized in checkpoint-arrested mnd2D cells (Figure 6C) , in contrast to the normal instability of Cdc20 in unperturbed cells ( Figure 6A ). We conclude that once the checkpoint is established, rapid Cdc20 turnover is not required to maintain the mitotic arrest.
The mnd2D mutant allowed us to test the possibility that Cdc20 ubiquitination promotes release from the arrest in budding yeast, as suggested by previous studies in human cells and cell lysates (Jia et al., 2011; Mansfeld et al., 2011; Reddy et al., 2007; Stegmeier et al., 2007; Varetti et al., 2011) . Benomyl-arrested wild-type and mnd2D cells were released from the arrest by removal of benomyl, and then held in the following G1 to prevent progression into the next cell cycle. Securin destruction and chromosome segregation were delayed by approximately 10 min, and were less abrupt, in mnd2D cells relative to wild-type control cells ( Figures 6D and 6E) . These results are consistent with the notion that Mnd2-dependent Cdc20 autoubiquitination is required for efficient inactivation of the spindle checkpoint.
DISCUSSION
The regulation of Cdc20, like that of most key regulatory proteins, depends on its short lifetime in the cell. This instability arises primarily from self-inhibition by autoubiquitination, which targets the protein for destruction in the proteasome. In a normal cell cycle, autoubiquitination is the primary mechanism underlying the drop in Cdc20 levels that occurs in late mitosis (Foe et al., 2011) . Surprisingly, however, we found that cells expressing the poorly ubiquitinated Cdc20-5K mutant are viable and display no significant cell-cycle defects, despite the presence in these cells of high Cdc20 levels that decline only slightly outside of mitosis. Thus, rapid Cdc20 turnover is not essential in a normal cell cycle. The same is not true in a spindle checkpoint, however. The CDC20-5K strain failed to establish a spindle checkpoint arrest, to a similar extent as mutants lacking the checkpoint genes MAD2 or MAD3.
A lysine-free form of human Cdc20 also bypasses the SAC (Nilsson et al., 2008) , but it has been suggested that this bypass might be due to a slight decrease in Mad2 affinity caused by mutation of two lysines in the Mad2-binding region (Varetti et al., 2011) . However, budding yeast Cdc20 does not contain these lysines and instead contains one lysine N-terminal of the conserved interaction motif (Luo et al., 2002) . Furthermore, we found that wild-type Cdc20 and Cdc20-5K interact equally well with checkpoint proteins in vitro ( Figures 5F and 5G) . We therefore conclude that the yeast Cdc20-5K mutant is not defective in its interaction with checkpoint proteins.
How, then, does the Cdc20-5K mutant allow progression through mitosis despite activation of the checkpoint? The most likely possibility, which is consistent with previous evidence that moderate CDC20 overexpression drives yeast cells through a checkpoint arrest (Pan and Chen, 2004) , is that the higher levels of Cdc20-5K protein somehow provide resistance to activated checkpoint proteins. One simple possibility is that checkpoint proteins are limiting, allowing high levels of Cdc20 to outnumber Mad2 to allow formation of active APC/C-Cdc20 complexes despite the checkpoint activation. This seems unlikely, however, given the ability of mnd2D cells to arrest normally despite accumulating higher Cdc20 levels within the arrest ( Figure 6C) . A more appealing possibility stems from our observation that Mad2 does not inhibit the activity of preformed APC/ C-Cdc20 complexes in vitro (data not shown), presumably because the binding affinity of Cdc20 is so high that Mad2 cannot gain access to its binding site on Cdc20. Thus, the downregulation of Cdc20 from late mitosis through S phase may be required to keep Cdc20 levels at a low level that prevents the premature formation of checkpoint-resistant APC/C-Cdc20 complexes. Thus, our results argue that the degradation of Cdc20 outside mitosis is required for efficient establishment of a checkpoint arrest.
Checkpoint proteins are required for rapid Cdc20 turnover during a checkpoint arrest (King et al., 2007; Pan and Chen, 2004) (Figure S2C ). To explore the underlying mechanism, we reconstituted the effects of Mad2 and the Mad3-Bub3 complex with purified components. We found that Mad2 alone inhibited Cdc20 binding and autoubiquitination. The incomplete effect of Mad2, even at apparently saturating concentrations, suggests that the target of Mad2 may be just one of the multiple contact points that mediate Cdc20 binding to the APC/C. Given that the Mad2 binding motif in Cdc20 lies in the amino-terminal region near the C box, a likely possibility is that Mad2 somehow interferes with C box function.
Checkpoint proteins clearly synergize in forming the Cdc20-Mad2-Mad3-Bub3 complex (MCC). Although Mad2 inhibits Cdc20 binding to the APC/C, the Mad3-Bub3 complex reverses this effect and stimulates Cdc20 binding and autoubiquitination. We find that the three budding yeast checkpoint proteins are sufficient to promote robust Cdc20 autoubiquitination in the absence of additional components, in contrast to the dependence on p31 comet in human cells and lysates (Reddy et al., 2007; Varetti et al., 2011) . Yeast do not contain a clear homolog of p31 comet , and so vertebrate cells may have evolved additional control mechanisms. The synergistic actions of checkpoint proteins are likely to depend on interactions between Mad2 and Mad3, as suggested by recent studies supporting a direct interaction between purified human Mad2 and BubR1 (Tipton et al., 2011) . Recent structural analysis of fission yeast MCC components (Mad3, Mad2, and Cdc20) also revealed Mad2-Mad3 interactions that would explain the synergistic effect (Chao et al., 2012) .
Interestingly, the full set of checkpoint proteins has opposite effects on two APC/C-dependent activities: inhibition of securin ubiquitination and stimulation of Cdc20 autoubiquitination. Thus, the MCC is not a global inhibitor of the APC/C but inhibits only its substrate-targeting function. How is this possible? KEN boxes in Mad3 were proposed to function as pseudosubstrate inhibitor motifs that interfere with substrate binding to Cdc20 (Burton and Solomon, 2007) , and recent structural data provide evidence for engagement of a Mad3 KEN box by the WD40 domain of Cdc20 (Chao et al., 2012) . Interestingly, other studies suggest that the MCC causes a shift in the position of Cdc20 on the APC/C, away from the Doc1/Apc10 subunit that contributes to substrate binding (Herzog et al., 2009; Izawa and Pines, 2011) ; thus, the MCC might reduce substrate binding in part by separating Cdc20 from Doc1. We found that the majority of autoubiquitination sites lie within the Cdc20 N-terminal region, which is predicted to be unstructured and also contains the C box motif, which recent studies suggest could interact with the Apc2 subunit at a location that is close to the site of E2 bindingand thus in a good position to attack the E2-ubiquitin conjugate , as also suggested recently for human Cdc20 (Zeng and King, 2012) . Perhaps MCC binding shifts Cdc20 to a position that reduces substrate interactions while favoring autoubiquitination.
The stimulation of Cdc20-APC/C binding by Mad3-Bub3 suggests that Mad3 (and/or Bub3) interacts with the APC/C core. Structural analysis of the APC/C-MCC complex suggests that the MCC could contact multiple subunits (Herzog et al., 2009) . We found that Doc1/Apc10 is not required for the stimulation of Cdc20 binding by Mad3, suggesting that this subunit does not contribute to MCC binding-and consistent with the notion, mentioned above, that the MCC shifts Cdc20 away from Doc1. We also tested another nonessential subunit, Mnd2, based on recent evidence that a related human subunit, Apc15, is required for Cdc20-MCC turnover in the checkpoint (Mansfeld et al., 2011) . Mnd2 has been suggested to interact with Apc1, Apc5, and Cdc23 (Hall et al., 2003) , three subunits in the APC/C region where the MCC appears to bind (Chao et al., 2012; Herzog et al., 2009; Schreiber et al., 2011) . Furthermore, Cdc23/Apc8 is particularly important in Cdc20 binding in the checkpoint (Izawa and Pines, 2011) . Deletion of Mnd2 had a striking and specific effect: autoubiquitination and activity toward securin were largely unaffected in the absence of checkpoint proteins, but the loss of Mnd2 blocked the ability of Mad3-Bub3 to stimulate autoubiquitination in the presence of Mad2. Interestingly, we found that the loss of Mnd2 did not prevent the stimulation of Cdc20 binding to the APC by Mad3-Bub3. These results argue strongly that Mnd2 (and perhaps Apc15 in the human APC/C) is required for the MCC to shift the position of Cdc20 for checkpoint-induced autoubiquitination.
Surprisingly, despite the rapid turnover of Cdc20 that occurs in checkpoint-arrested cells, steady-state levels of Cdc20 appear constant ( Figure 5D ). Thus, a high rate of mitotic Cdc20 synthesis balances increased destruction. As recently proposed (Varetti et al., 2011) , this constant flux of Cdc20 is likely to be important for reversing the effects of the checkpoint when all sister-chromatid pairs achieve correct spindle attachment. Cells lacking MND2 provided us with an effective approach to explore this possibility. In these cells, the lack of Mnd2 did not greatly affect Cdc20 oscillations in a normal cell cycle, and thus these cells do not have the general increase in Cdc20 levels that we observed in the CDC20-5K cells. Instead, mnd2D cells displayed a more specific defect in autoubiquitination and Cdc20 turnover in the presence of checkpoint proteins. These cells establish and maintain a checkpoint arrest, indicating that MCC-dependent autoubiquitination and rapid Cdc20 degradation are not required for the arrest. These results also support the notion, discussed above, that the Cdc20-5K mutant bypasses the arrest because of its high levels throughout the cell cycle.
Although mnd2D cells arrest in the checkpoint, they are less efficient than wild-type cells in inactivation of the checkpoint when spindle poisons are removed, as observed in human cells depleted of Apc15 (Mansfeld et al., 2011) . Thus, inactivation of the checkpoint might depend, at least in part, on MCCdependent Cdc20 autoubiquitination. How does ubiquitination promote checkpoint inactivation? In purified reactions, we have not seen evidence that polyubiquitination causes dissociation of Cdc20 from the checkpoint complex and APC/C (Figure S6) . Instead, we suspect that MCC removal is an active process mediated in part by the proteasome and other factors, as suggested by recent evidence for the involvement of ATP hydrolysis and proteolysis (Ma and Poon, 2011; MiniowitzShemtov et al., 2010; Teichner et al., 2011; Visconti et al., 2010; Zeng et al., 2010) . In vertebrates, checkpoint inactivation also depends on the protein p31 comet , which has been proposed to provide a functionally redundant mechanism for driving MCC disassembly (Jia et al., 2011) . We speculate that when the SAC signal is extinguished, the ATP-dependent removal of polyubiquitinated Cdc20, together with its checkpoint partners, helps allow newly synthesized Cdc20 to reactivate the APC/C. In this way, the dynamic features of the checkpoint-balanced high rates of Cdc20 synthesis and destruction-allow cells to rapidly initiate anaphase upon checkpoint inactivation.
EXPERIMENTAL PROCEDURES Yeast Methods
See Table S1 for yeast strains. All strains were derivatives of W303. Synchronization and analysis of yeast cultures is described in Supplemental Experimental Procedures.
APC/C Assays APC/C was purified from a TAP-CDC16 cdh1D strain. E1, E2 (Ubc4 or Ubc1), APC/C, and Cdh1 were expressed and purified as previously described Rodrigo-Brenni and Morgan, 2007) . Cdc20, securin, Acm1, Dbf4 (amino acids 1-236), and Clb5 (with a C-terminal 3HA-tag) were cloned into plasmids containing a T7 promoter and an N-terminal or C-terminal ZZ tag. ZZ-tagged proteins were generated in vitro with TnT T7 Quick Coupled Transcription/Translation Systems (Promega) in the presence of either 35 S-methionine or unlabeled methionine. ZZ-tagged proteins were purified from the reticulocyte lysate using IgG-coupled Dynabeads (Invitrogen) and cleaved using TEV protease. E2 charging was performed in the presence of E1 (Uba1, 300 nM), E2 (Ubc4 or Ubc1, 50 mM), ubiquitin (wild-type, K48R, or methyl-ubiquitin; Boston Biochem, 150 mM), and ATP (1 mM) for 20 min. Reactions were initiated by the addition of charged E2, APC/C (1-5 nM), purified Cdc20, and purified securin. Reactions were performed at 23 C for the indicated time. For reactions containing Mad2, Cdc20 was preincubated with the indicated final concentration of Mad2 before addition of other components. For Mad3 reactions, Cdc20 was preincubated with the APC/C and the indicated final concentration of Mad3-Bub3 before addition of other components. All reactions were stopped by the addition of SDS sample buffer, separated by SDS-PAGE, and visualized and quantified with a Molecular Dynamics PhosphorImager and ImageQuant (Amersham Biosciences/GE Healthcare).
Cdc20-APC/C Binding Assays APC/C was immunopurified from TAP-CDC16 cdh1D strains using IgG beads. APC/C-bound beads or beads incubated with untagged lysate were incubated with in vitro-translated 35 S-Cdc20. Immunoprecipitates were washed two times to remove unbound proteins, and bound proteins were eluted with SDS sample buffer. For Mad2 experiments, Cdc20 was preincubated with the indicated final concentration of Mad2 or Mad2-CD before addition of beads. The securin fragment was generated as previously described (Matyskiela and Morgan, 2009). 
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